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SHOCK WAVE STRUCTURE IN RECOME}NENG LOW-DENSITY PLASMAS*

Walter H. Christiansen
Jet Propulsion Laboratory, Pasadena, California, U.S.A.

The spatial distribution of the electron properties in the neighborhood
of a shock wave in a pértially ionized gas is much different than the dis-
tribution of the heavy particles% The study of the distribution of the
electron properties is made difficult in many laboratory plasma flows
because the scale length for the shock wave is often larger than the experi-
mental apparatus and the electrons are never in thermal equilibrium with the
heavy particles. Under some conditions of these nonequilibrium flows, it
is possible that the elec;ron temperatuge distribution is governed principally
by thermal diffusion. This scale length ma& be smaller than the experimental
apparatus and permits identification and interpretation of some of the effects
of a heavy particle shock wave on the electron gas.

Electron density and temperature distributions were measured in front of
e flat disc in cesium-seeded gas plasma in an effort to examine the case where
thermal diffusion is a dominant feature in a nonequilibrium plasma flow. The
region of interest extended several body»diameters upstream of the discfand
through the heavy particle shock. The experiment was carried out at a Mach
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number of 5.1 with a free stream number density of electrons from 4(10° " )/cm
1

~JThe background pressure of the neutral argon gas was set at a fixed level of

lOQ/LHg, which together with the ionized cesium represents a degree of ioni-
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zation from 107 to h(lo-h). The plasma was recombining under these conditions

even through the shock wave and was quite luminous. At these low energies,

This paper presents the results of one phase of research carried out at
the Jet Propulsion Laboratory, (slifornia Institute of Technology, under
Contract No. NAS7-100, sponsorea by the Netional Aeronautics and Space
Administration. : 3
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recombination radiation measurements of the diffuse series limit of cesium
proved most accurate (estimated error of ¥ 4%) in measuring the electron
temperature. ILack of local thermodynamic equilibrium prevented use of

the more intense line spectra for this purpose. Figure 1 shows typical
results of the electron temperature measurements vs distance. 1In general
the electron temperature upstream of the shock wave was considerably higher
than the calculated value of 250°K (.021 ev) for the heavy particles (Tﬁ’)'
It was also considerably lower than the temperature of the atoms behind

the shock, a fact of considerable importance in understanding the exﬁeriment.
Approaching the atom shocﬁ wave from ups%ream, the electron temperature
gradually increased and then underwent a sbérp increase across the shock
with no detectable change £hereafter. At different plasma conditions the
magnitude of the changes and electron temperature levels were of course
different, but the trends remained the same.

Free molecule Langmuir probes showed very_little change in ion or
electron density ahead of the shock wave, in close accordance with the
spectroscopic observgtions. To measure the absolute density level of the
ionized species an electrostatic probé wés placed at the stagnation point
of the disc model and suifably biased to collect only ions. Complete sat-
uration permitted easy identification of the ion current. The ion current
was interpreted to give free stream ion density (equivalent to the electron
density) using a simplified stagnation point probe theory. As stagnation
point probe theory is not too well understood, attempts were made at cal-

ibrating this device using free molecule probes and spectroscopic measurements.

Some uncertainties still exist, however, and the absolute level of the free



stream electron density is somewhat in doubt. Probably the electron density
is known only within a fﬁctor of 1.5, but the relative density levels from
one piasma condition to another are felt to be quite good.

The results of the me;surements éan best be interpreted using the one-
dimensional electron energy equation with only those terms describing energy
content storage, the pressure work term, and thermal conduction. The other
terms that normally would appear in the equation, including the energy transfer

term between ions ahd electrons, have been estimated and are thought small by

comparison for the existing plasma conditions. Therefore (with no net current

flov) Y, wo 4‘ L nu B 4 ds
nu _— = - =
Z W~ 4Xx dx
where n = number density of the electrons
u = velocity of the electrons
k = Boltzmann constant

T = electron temperature

K = electron gas thermal conductivity.
In examining the region ahead of the atom shock wave, probe measurements showed
that the electron density was constant. For the approximation of one-dimensional
flow, nu 1is constant and u must therefore be constant as well., Hence in the
free stream region ahead of the shock the pressure work térm is zero. A simple
differential equation describing a balance.between heat diffusion and forced
convection remains. Integrating once with the temperature gradient assumed to

 be zero far‘upstream of the atom shock gives

3, Nw 2 (+Tx) =K 47

ax



b

wherecj)-means conditions far from the shock. If the electron thermal
conduétivity were constant, a familiar exponential relationship would
exist between T and x baving a thermal diffusion length scale L

of , | , s
L»;
3/1(\,(&‘&

However, the electron thermai conductivity is a strong function of T

and no simple integration is possible. Using the result of the first
integration and the experimentalAmeasurements of T vs x as well as

nu , the equation may be solved for the electron thermal conductivity at
the shock location. The results of measurements for thermal conductivity
of the electron gas are shown in Fig. 2 vs electron temperature. The
conductivity has been nondimensioﬁalized using the theoretical results of
Spitzerg'and the normalized results show no temperature dependence (note
that in this experiment the collision frequency of the electrons with
charged particles to that with neutral ones is one hundred to one so that
fully ionized gas theory with current set equai to zero is appropriate).
Within the scgtéer of the results, thermal conductivity is‘well described
by a T5/2 temperature dependence. The results are lower than Spitzer's
by a factor of two. This measurement of K is unusual in using a known
field to set up a steady state temperature'distribution in the electron
gas, and permits determination of the conductivity over a wide range of

plasma properties.
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The nondimensional temperature change associated with the flow through
the atom shock is shown in Fig. 3. The temperature difference in the

electron gas is shown to have a nearly linear variation with T-$/2 .

c
At high temperatures ‘Alyiz:approaches zero while at low temperatures
there is a departure from the linear dependence on T‘-s/2 . At the low

e

temperatures used in the experiment it is seen that the temperature increases
as much as 33% ovef its vglue immediately ahead of the atom shock. The
temperature increases across the "shock wave because the electrons are com-
pressed (du/dx # O here) , as are the neutrals. The temperature change

in the limit of no thermal losses would be the isentropic value given by

Te-T. 3
s” le N
— = (—é Y- = 1.3
\e ('\6
where e,;ﬁ' are conditions immediately upstream and downstream of

the shock wéve, respectively.
However, thermal conduction reduces the isentropic value of £>T/Te, In
the limit of high temperatures or small changes in the electron temperature

across the shock, it can be shown on theoretical grounds that a linear de-

-5/2 fo

pendence on T e

r A'I.‘/Té is to be expected for certain plasma conditions
'only. Of course, the heat loss in the shock wave compression of the electrons
appears as the energy necessary to preheat the electrons upstream of the atom

shock indicated in the previous paragraphs.
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